Cytoplasmic dynein is a very large complex that functions as a minus-end-directed microtubule-based motor protein (1) . Dynein has been implicated in many cellular functions, including several aspects of mitosis, as well as a variety of interphase processes, including vesicle transport and organelle positioning (2) . The dynein complex has been found to be made up of a number of subunit classes: heavy chains (HC), 1 
intermediate chains (IC), light intermediate chains (LIC) and light chains (LC)
. All cytoplasmic dynein subunits except for the LICs have homology with subunits of axonemal dynein, the motor complex that powers flagellar and ciliary beating. The organization of the subunits within the complex is not fully known.
The cytoplasmic dynein complex is two-headed, with each head being attached to a stem; the stems come together to form a base, which is involved in attachment to cargo. The head structure contains four ATPase consensus sequences, which are thought to power the motor (3) . Additional insight into the structure of the heavy chain has recently been gained with the identification of a specific microtubule binding site that lies at the tip of a small stalk protruding from the dynein head (4) . The stalk seems to be responsible for force transmission between the globular portion of the motor domain and the microtubule surface.
The ICs have been localized by immunoelectron microscopy to the base of the dynein complex (5) . In this position, they are perfectly situated for binding to dynactin and other targeting or cargo polypeptides. Recently, the IC interaction site was mapped to the N-terminal region of the heavy chain sequence, the region thought to form the base, using Dictyostelium cytoplasmic dynein subunits (6) . The HC dimerization site was deduced to be immediately C-terminal to the IC binding site.
The location of the light intermediate chains within the dynein complex is unknown. We have recently found that LIC1 binds specifically to pericentrin (7, 8) , a centrosomal protein, which is known to be transported to the centrosome in a dyneindependent fashion (9) . These results have revealed a targeting function for the LICs.
This study was initiated to gain further insight into the apparent function of the LICs in targeting. To this end, we have mapped their binding site within the dynein complex and compared it to the sites for IC binding and HC dimerization. We have found that the LICs, as well as the ICs, bind to the base of the complex, putting them both in position to be involved in targeting. Additionally, we have shown that the LICs and ICs bind to the heavy chain on overlapping binding sites, but we detect no contact between them, suggesting that the LICs and ICs are on distinct surfaces of the dynein complex and may interact independently with other structures.
EXPERIMENTAL PROCEDURES
Mammalian Expression Constructs-LIC1-myc, LIC2-myc, LIC1-myc, and LIC2-myc point mutants, IC-myc, HC-FLAG, HC-C1140-myc, HC-C260-myc, and HC-N1137-FLAG constructs are described elsewhere (4, 8, 10) . Additional HC 5Ј-end constructs were made by adding a myc tag at the appropriate location using polymerase chain reaction, then cloning into HC-C1140-myc in the pARK vector at the PmlI site of HC. The entire clone was then inserted into pCMV␤ (CLONTECH) from which the ␤-galactosidase sequence had been removed by NotI (New England BioLabs, Beverly, MA) digestion. Other HC fragments were made by adding NotI sites, myc tag, and Kozak sequence by polymerase chain reaction using VENT DNA polymerase (New England BioLabs), followed by NotI digestion and direct cloning into NotI-digested pCMV␤.
Antibodies-Anti-myc and anti-LIC polyclonal antibodies used have been described elsewhere (4, 8) ; anti-HA monoclonal and polyclonal antibodies were purchased from BAbCO (Richmond, CA); anti-FLAG M2 monoclonal antibody and affinity resin were purchased from Sigma (St. Louis, MO); anti-IC monoclonal antibody 74.1 was purchased from Chemicon (Temecula, CA); and anti-HC polyclonal antibody was a gift from Dr. Atsushi Mikami. Secondary horseradish peroxidase-conjugated donkey anti-mouse and anti-rabbit antibodies were purchased from Jackson Immunoresearch Laboratories, Inc. (West Grove, PA).
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¶ To whom correspondence should be addressed: Co-immunoprecipitation Assays-All co-immunoprecipitations were performed as described previously (8) . Briefly, COS-7 cells were grown in Dulbecco's modified Eagle's medium ϩ 10% fetal calf serum ϩ penicillin/streptomycin (Life Technologies, Inc.) to 80% confluence, then transfected for 12 h with appropriate DNA using LipofectAMINE transfection reagent (Life Technologies, Inc.). 30 -48 h after transfection, cells were scraped into modified RIPA buffer (100 mM NaCl, 1 mM EGTA, 50 mM Tris, pH 8.0, 1% Nonidet P-40, 1 mM Pefabloc SC (Roche Molecular Biochemicals), 2 g/ml leupeptin and pepstatin), lysed on ice for 20 min, and spun in a microcentrifuge for 10 min. Immunoprecipitations were performed using protein G (Amersham Pharmacia Biotech) beads or M2 affinity resin (Sigma) overnight at 4°C with gentle agitation. Beads were washed five times with modified RIPA buffer and eluted with 2ϫ SDS-polyacrylamide gel electrophoresis sample buffer at 100°C for 3 min. The entire eluate and a sample of the supernatant were used for immunoblotting. Co-transfection efficiency was detected as noted in the companion paper (8) . 
RESULTS

LICs and ICs
FIG. 3. Endogenous cytoplasmic dynein ICs and LICs bind to
the N-terminal region of HC. COS-7 cells overexpressing HC constructs (listed above lanes) were used for immunoprecipitations with anti-FLAG and anti-myc as indicated. Anti-FLAG control precipitation is in untransfected cell extract, because covalent anti-FLAG beads (M2) were used; anti-myc control is protein G-Sepharose (pG) beads alone in the C1140-myc overexpressing extract. Nonspecific bands seen in C1140-myc precipitation are also present in protein G-Sepharose control precipitations. Immunoblotted precipitates were probed with anti-IC (top) and anti-LIC (bottom) to detect endogenous COS-7 dynein subunits co-precipitating with overexpressed HC and HC fragments. Note that, in the C1140-myc anti-myc precipitation, the antibody heavy chain (white band seen below the LIC bands and above the nonspecific signal) caused the LIC bands to shift upwards.
FIG. 4. LICs bind to IC-containing dynein.
Untransfected COS-7 cells were used for anti-IC immunoprecipitation. The precipitates were immunoblotted and then blots were probed with a mixture of anti-IC, anti-LIC, and anti-HC antibodies. Despite the lack of interaction between LICs and ICs ( Fig. 1) , the LICs coimmunoprecipitated with the ICs.
FIG. 5.
ICs bind to LIC-containing dynein. COS-7 cells doubleand triple-transfected with LIC-myc, IC-myc, and HC-C1140-myc were used for anti-LIC immunoprecipitation. The resulting pellets were immunoblotted and probed with anti-myc to localize all overexpressed proteins. Immunoprecipitation pellets are shown at the left and extracts at the right. dynein subunits to test whether one subunit would co-precipitate the other. In these experiments, the high levels of protein being used minimize the contribution of indirect interactions that are mediated by endogenous protein, as demonstrated by negative results (Fig. 1C ) and triple overexpression (see Fig. 5 ). Fig. 1 (A and B) shows co-immunoprecipitation of LIC1, LIC2, and IC with full-length heavy chain, demonstrating that each of these subunits bind independently to the HC. The IC and LIC do not co-precipitate (Fig. 1C) , suggesting that they bind independently to the HC. In previous work (8) we found that pericentrin binding by LIC1 and LIC multimerization were not affected by point mutations in the P-loop sequences The IC has been reported to interact with the HC near the N terminus (6) . This region is likely to be located at the base of the complex where the ICs have been observed by electron microscopy to be located at the base (5, 11) . We used HC fragments to identify the general location of LIC binding. In this experiment, we overexpressed HC and HC fragments in COS-7 cells, immunoprecipitated them, and then looked for co-precipitating endogenous subunits (Fig. 3) . Full-length HC and the N-terminal fragment (C1140-myc) co-immunoprecipi- tated IC, LIC1, and LIC2, whereas the C-terminal three quarters of the HC (N1137-FLAG) did not precipitate any endogenous dynein subunits.
LICs and ICs Are Present in the Same Dynein
ComplexesPreviously, we demonstrated that LIC1 and LIC2 binding to the dynein heavy chain is mutually exclusive, thus suggesting that the LICs specify different subtypes of dynein and that LICs can function as targeting subunits of dynein (8) . The ICs also function in targeting, so it is possible that the LICs are alternative to the ICs and that only one of the subunits would be present in a dynein molecule. Previous studies (12, 13) have demonstrated that anti-IC immunoprecipitations co-precipitate polypeptides of 50 -55 kDa, the identities of which have not been conclusively determined.
To determine conclusively whether LICs and ICs are present in the same complex, we took two approaches, first, we immunoprecipitated endogenous dynein complex from COS-7 cells using anti-IC antibody 74.1 and probed the immunoprecipitate with anti-HC, IC, and LIC polyclonal antibodies (Fig. 4) . The results show that both LIC1 and LIC2 are co-immunoprecipitated with IC and are capable of binding to IC-containing dynein.
As an alternative approach to this question, and as a control to the other co-immunoprecipitation experiments, we performed a triple overexpression and immunoprecipitation experiment. In this case, we overexpressed the myc-tagged N terminus of HC with myc-tagged IC and LIC1, immunoprecipitated LIC, and probed for all of the subunits with anti-myc antibody. Fig. 5 shows that IC co-immunoprecipitates in the triple expression, confirming the previous result that LICs and ICs can co-exist in dynein complexes.
LIC and IC Binding Sites-To further our understanding of dynein subunit interactions, we created numerous rat HC expression constructs for mapping LIC and IC binding sites within the rat cytoplasmic dynein HC. The summary of mapping co-immunoprecipitations is shown in Fig. 6 (data from several of the fragments is shown in Fig. 7) . From comparison of overlapping and contiguous fragments, we have deduced the LIC and IC binding sites, shown at the bottom of each panel.
Comparison of LIC1 and LIC2 indicated that the binding sites are identical, as predicted. The LIC binding site was found to lie between amino acids 649 and 800 on the rat HC and the IC binding site between amino acids 446 and 701.
HC Dimerization Site- Fig. 8 shows a summary of co-immunoprecipitations using the HC fragments with full-length HC (several examples of the data are shown in Fig. 9 ). These results indicate that HC dimerization is mediated by an extended region of the HC sequence, which includes the LIC and IC binding regions, and extends more toward the motor (head) domain than the subunit binding sites. Interestingly, there is a region at the extreme N terminus that does not show binding to any of the subunits tested, including HC itself. We note that in the HC-flag/HC-myc co-immunoprecipitation (see Fig. 9 , top panel) overexposure of the Western blot revealed numerous myc-reactive degradation products that are absent from the immunoprecipitate. Because the myc tag is located at the C terminus, this result provides independent evidence that Cterminal fragments do not bind to the full-length HC.
DISCUSSION
In this study, we have found that the cytoplasmic dynein ICs and LICs bind directly to the HC, and we have mapped the LIC and IC binding sites within the rat cytoplasmic dynein HC sequence. Both subunits bind to the N terminus of the HC, with their binding sites overlapping within the primary sequence. Despite the close proximity of their binding sites, we have detected no interaction between the ICs and LICs. However, we have demonstrated that they co-immunoprecipitate in the presence of HC, indicating that they interact indirectly through this polypeptide. Additionally, we have found that the LIC1 and LIC2 binding sites on the HC are identical. Finally, we have found that a large portion of the N-terminal region of the HC, including, but substantially greater than, the IC and LIC binding regions, is responsible for HC dimerization.
In previous work (7, 8) we tested numerous dynein and dynactin subunits for the ability to bind to pericentrin and found that only LIC1 interacts. Because pericentrin has been found to be transported to the centrosome in a dynein-dependent fashion (9) , our data supported a role for LIC1 in mediating the binding of dynein to this particular form of cargo. The localization of the LIC binding site to the N terminus of the heavy chain, which presumably places the LICs at the base of the dynein complex, further supports a targeting role. The LICs bind to a region of the rat heavy chain located between amino acids 649 and 800. Our previous work (8) showed that LIC1 and LIC2 exhibit a high degree of sequence homology yet are present in distinct dynein complexes. Our finding that they share a common HC binding site, along with their inability to heterooligomerize (8) , suggests that they compete with each other for HC binding.
The LIC and IC binding sites are distinct but overlapping within the HC primary sequence, as demonstrated by our coimmunoprecipitation results (Figs. 6 and 7) . The LICs co-immunoprecipitate with the HC constructs N649C907 and C674 but not with N547C649. These results demonstrate that the part of the C674 HC fragment that contains LIC binding elements is between amino acids 649 and 674. This region is within the boundaries of the IC binding site, amino acids 446 -701. Despite this clear overlap of the binding regions, we have found that LIC and IC can bind to a common dynein HC (Figs. 4 and 5), although they do not interact with each other directly when free in solution (Fig. 1) . Presumably, the surfaces within the folded HC for LIC and IC binding must be topologically distinct to allow for independent binding (see below). Our re- sults explain the observations of Gill et al. (14) , who observed that the ICs and LICs could be differentially extracted from the HC by potassium iodide. Other work (5) showed that, when the ICs and LICs are removed from dynein, they will co-peak at low S on a sucrose gradient; however, there is no evidence that a direct interaction caused the co-sedimentation.
The IC binding site within the Dictyostelium HC has been reported to lie between amino acids 629 and 730 (6) . This region of the Dictyostelium HC is homologous to amino acids 589 -690 of the rat heavy chain and is similar to the IC binding site deduced from our current data (amino acids 446 -701). However, we have found the N-terminal boundary of the binding site to lie between amino acids 446 and 549, upstream of the N-terminal boundary in the Dictyostelium HC. This difference may reflect the phylogenetic distance between rat and Dictyostelium or differences in the sensitivities of the methods used for assaying polypeptide interactions (see below). Comparing the rat HC sequence to that of the Dictyostelium HC, there is a very high degree of homology within the IC binding region; the deduced Dictyostelium binding site shows 64% identity (72% similarity) with the equivalent region of rat HC. Extending the binding site from rat HC amino acid 589 to 516 still gives 61% identity (69% similarity), but the degree of homology is considerably lower beyond this point. Based on these considerations, it seems reasonable to deduce that the IC binding site begins at or around amino acid 516 on the rat HC (amino acid 559 in Dictyostelium). Beyond the C-terminal end of the deduced IC binding site, a high degree of homology persists. This region corresponds to the remainder of the LIC binding site identified here (amino acids 649 -800 of rat HC), which shows 56% identity (62% similarity) with the equivalent Dictyostelium sequence.
We have found that HC dimerization occurs across a large portion of the N-terminal region of the HC (amino acids 300 -1140). Our data differ significantly in this regard from those of Habura et al. (6) , who found the Dictyostelium HC dimerization site to include amino acids 627-780 plus additional, unidentified sequence C-terminal to this region. A major difference in these two reports may involve the sensitivity of methods being used. Habura et al. (6) used HC fragments translated in reticulocyte lysates and assayed for protein-protein interactions by cross-linking the fragments or by binding them to bacterially expressed HC. Cross-linking yielded fewer dimerizing fragments than did binding of in vitro translated HC fragments to bacterially expressed HC, suggesting (6) that there are significant differences in sensitivities even between these methods. These approaches involve the use of low concentrations of fragment, in contrast to the co-overexpression method used here. Because of the higher levels of protein involved in our coexpression assay, it may be better suited for detecting partial binding sites (Figs. 6 -9 (7, 8) ). We cannot tell whether the FIG. 8 . Characterization of the cytoplasmic dynein HC dimerization domain. Various myc-tagged HC fragments were co-expressed with full-length HC-FLAG for co-immunoprecipitations. All immunoprecipitations were performed with anti-FLAG, and immunoblots were probed with anti-myc to detect the HC fragments with the exception of N1137-FLAG, which was co-expressed with myc-tagged full-length HC, immunoprecipitated with anti-FLAG, and the immunoblot was probed with anti-HC (see Fig. 9 ). As in Fig. 6 , blue is positive, red is negative, and dark blue shows the deduced dimerization domain. The data of the most informative constructs is shown in Fig. 9 . affinities of the partial binding sites differ. Conceivably, some of the interactions detected in our study could be nonspecific, but this possibility is disputed by several observations. First, several HC fragments that tested positive in the HC-HC interaction assay (for example, N907C1100 and N261C440, Figs. 6 -9) were clearly negative when tested against ICs and LICs. In addition, other fragments clearly interacted differentially with the LICs and ICs, with N547C649 interacting with IC but not LIC, and N758C907 interacting with LICs but not ICs (Figs. 6 and 7) ; only N649C907 showed interaction with all of the subunits tested (Figs. 6 -9) . Finally, the co-immunoprecipitation assay has proven to be very selective in other contexts (7, 8) .
The HC-HC interaction site identified in the current study is much more extensive than those found for the ICs and LICs. We have shown that several HC fragments that do not bind to IC or LIC bind to HC, adding further support to the contention (6, 15) that the HCs do not need accessory subunits for dimerization. This important conclusion is further substantiated by the observation that LIC or IC co-overexpression was not required for HC-myc/HC-FLAG dimerization (see Figs. 8 and 9 ). Whether binding of LIC and IC to the HC requires HC dimerization is not clear. LIC and IC binding cannot be tested in the absence of HC dimerization using the fragments produced in the current study, and it remains to be seen whether such a test will be possible.
We also note that the C-terminal boundary of the HC selfassociation domain determined in the current study ends between amino acids 900 and 1100. Previous work has suggested that the N terminus of the motor domain lies between amino acids 1137 and 1455 (4, 16) . Our finding that the N1137 fragment of the HC does not bind to full-length HC is consistent with this model. Finally, there is a relatively short sequence at the N terminus extending to amino acid 300 that does not seem to be involved in binding to any of the subunits examined here. This region may play a role in binding to some of the LCs or other as yet unidentified proteins. Fig. 10 shows a representation of our current understanding of the structural organization of the dynein complex. Although the IC and LIC binding sites overlap within the HC primary sequence, both subunits are present in the same dynein pool as demonstrated by immunoprecipitation of endogenous LIC-containing dynein in COS-7 cells using anti-IC antibodies, as well as by triple overexpression and co-immunoprecipitation (Figs. 4 and 5) . This suggests that the LICs and ICs must be associated with different surfaces of the complex. HC dimerization must occur on yet another surface of the HC based on similar considerations. This three-dimensional picture of the dynein complex would allow for the ICs to bind to the dynactin complex on one side of dynein, whereas LICs could bind cargo proteins, such as pericentrin, on a different dynein surface. Pericentrin may also be bound to other binding partners, such as the ␥-tublin ring complex. It remains to be seen whether dynein can use dynactin-mediated and LIC-mediated interactions simultaneously and how such interactions would be orchestrated to maintain proper localization of various cellular components.
